We revisited excited leptons (l * l) production through gauge mediation only at LHC, followed by their two body decays into Standard Model (SM) particles. We include the next-to-leading order (NLO) QCD corrections to these processes. We have shown that these corrections can be substantial and significant. We also show that the scale dependence of the NLO cross section is greatly reduced as compare to leading order (LO) cross section.
Introduction
In the recent years in particle phenomenology, a lot of attention goes into find the suitable model beyond the standard model (BSM) physics, which can explain many issues like the replication of the fermion families, dark matter, baryogenesis etc. that are still not understood within the framework of the Standard Model (SM). The quark-lepton composite model [1] is one of the prime candidate among others like supersymmetry [2] , grand unification [3, 4] (with or without supersymmetry), family symmetries (gauged or otherwise).
The replication of fermion generations suggests the possibility of quark-lepton compositeness. In these theories [5, 6] , the fundamental constituents, preons [7] , experience an additional strong and confining force. At energies far above a certain (compositeness) scale (Λ), preons are almost free. Below this scale Λ, the interaction of preons become very strong forcing them to form a bound state of quarks and leptons. Understandably, in such models, higher (excited) states of quarks (q * ) and leptons (l * ) must also exist. Since the composite fermion is just an excited state of the SM fermion, generalized dipole moment-like terms should mediate interactions between them. The correspondng effective Lagrangian [8] is given by
where G a µν , W µν and B µν are the field strength tensor of the SU(3), the SU(2) and the U(1) gauge fields respectively. f * and f denote the excited fermion and SM fermion respectively. f s , f ′′ and f ′ are the parameters of the compositeness. Usually they are taken to be order of 1. In the absence of a full theory, all the interactions of such composite fermions cannot be written down unambiguously. Rather, one must take recourse to an effective Lagrangian. The latter, typically, would contain not only the term of eqn.(1) above but others as well. The corresponding Wilson coefficients can only be determined if the ultraviolet completion was well-known and are, a priori, unknown within the context of the effective theory. The literature abounds with the discussion of one such subset of operators, namely four-fermion interactions between a pair of SM fermions and a pair of composites (the so-called contact interaction [9] ). It should be realized that such operators are suppressed by an additional power of Λ as compared to the terms of eqn. (1) . Thus, it makes eminent sense to consider the above while neglecting the four-fermion terms.
It is evident that these operators may lead to significant phenomenological effects in collider experiments, like e + e − [10] , e P [11] or hadronic [12] [13] [14] . It is quite obvious that the effects would be more pronounced at higher energies, given the higher-dimensional nature of L GM . The best low-energy bounds on such composite operator would arise from the precise measurement of leptonic branching ratios (BR) of lepton τ [15] . The loop effect of these excited states can modify the SM branching ratio predictions and comparison with the experimental data can impose bounds on masses of these new particles and their couplings. These bounds are quite weak [16] . The constraints on such excited states came from the Delphi [10] and CDF [12] experiments. More recently, the measurement of thellγ cross section [13, 14] at high invariant masses sets the most stringent limits on contact interactions.
It is a well known fact that the QCD corrections can alter the cross sections quite significantly at hadron colliders. Recently, the production ofl * l(llγ) in the context of contact interactions have received much attention from both CMS [13] and ATLAS [14] collaborations. They have searched for heavy excited lepton viallγ channel and put the mass bound on excited lepton at center of mass energy ( √ S = 7 TeV). Due to small production cross section ofl * l (and hencē llγ) through gauge mediation (eqn. (1)) at √ S = 7 TeV, they did not open up this production channel. They have analyzed their data based on the leading order calculation due to nonexistent of higher order calculations for this process. Recently, we have calculated NLO QCD corrections to this process [17] and CMS collaborations are analyzing their data again using our NLO result at √ S = 8 TeV (in private communications). At higher center of mass energy ( √ S = 13 (33) TeV) and/or high luminosity (HL-LHC), the production cross section ofl * l through gauge mediation are considerably large and may lead to important phenomenological consequences. This is our prime interest in this article. However, there exists no higher order calculations for this process. While it may seem that the NLO QCD corrections to the processes driven by such non-renormalizable interactions are ill-defined, it is not quite true [18, 19] . In particular, if the interaction can be factorized into two currents such that one current with colored object and other current with colored neutral object then the NLO QCD corrections can be done with colored current one without any difficulties. For example, Ref. [18] dealt with contact interaction with SM fermions. In this article, we have computed the NLO QCD corrections to the processes mentioned above.
The rest of the article is organized as follows. In Section 2, we start by outlining the general methodology and follow it up with the explicit calculation of the NLO corrections to the differential distribution in the dilepton (l * l) invariant mass. Section 3 we present our numerical results. And finally, we summarize in Section 4.
NLO corrections
We reconsider excited leptons production through gauge mediated interaction as exemplified by eqn(1) at LHC. The processes are
where p i (i = 1, 2) denote the momenta of the incoming hadrons and l i are those for the outgoing leptons. Similarly, the momentum p X carries by the inclusive hadronic state X. The p 4 is the outgoing vector boson's V (V = γ, Z, W ± ) momentum. We have considered only two body leptonic decay of excited leptons for our interest. The hadronic cross section is defined in terms of the partonic cross section convoluted with the appropriate parton distribution functions f P a (x) and is given by 2S dσ
where x i is the fraction of the initial state proton's momentum carried by the i th parton. i.e. the parton momenta k i are given by k i = x i p i . The other variables are defined as
Although the effective Lagrangian is a non-renormalizabe one, due to its current-curent structure the offending higher order QCD corrections possible [18] [19] [20] . Since the QCD corrections affect only hadronic currents with leptonic current being a mute spectator, the offending higher dimensional nature of of the effective Lagrangian never comes into play in our calculations. Therfore it is convenient to express our matrix element for the process as a sum of several current-current pieces with a "propagator" in between. In other words, symbolically,
where the dots (·) denote Lorentz index contractions as appropriate and the propagators P j are
With this definition, the hadronic cross section can be written as 2S dσ
where the hadronic structure function W is defined to be
Note that, the bare partonic coefficient function∆ contains all the singularities, namely, ultraviolet, soft and collinear divergences. To handle these, we have followed the dimensional regularization (DR) scheme. The renormalization of V A-type interactions is quite established (see for example, in Ref. [20] ). After the renormalization, one must get the ultraviolet regularized (and renormalized) expressions. To the ultraviolet regularized expressions, we must add the contribution from the real gluon emission processes (bremsstrahlung) as well as the Compton processes (gluon initiated processes). In this way, we remove the soft singularities and the left over expressions contain only collinear singularities. These collinear singularities can be removed through mass factorization. Finally one gets the finite coefficient function ∆ as in eqn (12) . The leptonic tensor is given by
which leads to
with
The physical hadronic cross section can be obtained by convoluting the finite coefficient functions with appropriate parton distribution functions and hence the inclusive differential cross section is given by 2S dσ
where the renormalized parton flux H ab (x 1 , x 2 , µ 2 F ) and the finite coefficient functions ∆
ab are given in Refs. [18] [19] [20] . The constant F V A contains information of all the couplings, propagators and the massive final state particles which is given by
3 Results and Discussion
In the previous section, we have calculated the differential distributions with respect to invariant mass (Q) ofl * l (one excited lepton and SM lepton). For our interest, we have expressed the above differential distribution (eqn. (12)) to the total cross section by integrating over Q 2 and it is given by
In our numerical analysis, we present our results at three different LHC energies √ S = 13, 33, 100 TeV for the simplest case where the factorization (µ F ) and renormalization scale (µ R ) considered to be equal to the invariant mass (Q) ofl * l. Later, we have shown the scale dependence of our results by introducing the factorization scale, µ
Since the QCD correction does not depend on the contact interaction scale Λ, for definiteness we have used a particular value of Λ = 2, 6 TeV for each LHC energy unless it is quoted. Through out our numerical analysis, we have used Cteq6Pdf [21] and MSTW 2008 [22] parton distribution functions (PDFs) otherwise mentioned specifically.
We will first discuss the NLO corrections ofl * l (andll * as well) productions in general and later we consider only a particular processllγ production. This particular process has been analyzed by both CMS [13] and ATLAS [14] in the context of contact interaction at low center of mass energy ( √ S = 7 TeV). Since the production cross section ofl * l through gauge mediation at this center of mass energy ( √ S = 7 TeV) is quite small, they did not open up this channel. However at higher LHC energies ( √ S = 13, 33 TeV and/or 100 TeV), this particular process may play an important role for searching the excited lepton in the beyond standard model scenario. The above mentioned particular process attains through two body decaying process of excited lepton (l * ). The two body decay of excited lepton does not have any effect on QCD correction thus the NLO QCD correction to thellγ production process is same as NLO QCD correction to thel * l as described in the next section 3.1.
In figure 1 , we have plotted the total cross section of (l * l) as a function of excited lepton mass (M * ). The cross sections presented in figure 1 contain the contributions of all the light flavors (u, d, s-quarks) as those for heavier flavor being essentially negligibly small. As we have seen from figure 1 that the cross section decreases with excited lepton mass (M * ) due to not only the fall of partonic cross section but also due to the fall in parton distribution functions (and hence effective flux ofas well as qg) at higher momentum fraction (τ and hence Bjorken scale x). The fall of the total cross section is more at lower center of mass (c.o.m.) energies than the higher c.o.m. energy. At higher momentum fraction τ , we are integrating over small phase space region at low center of mass energy √ S. To quantify the enhancement of NLO cross section, we define a variable called K-factor as given by
where the LO (NLO) cross sections are computed by convoluting the corresponding parton-level cross sections with the LO (NLO) parton distribution functions.
In figure (2) we have shown the variation of K-factor with respect to the excited lepton mass (M * ). The variation of the total K-factor is about 25% − 30% for c.o.m energies √ S = 13, 33 TeV. For much higher c.o.m energy √ S = 100 TeV, the variation of the total K-factor is about 10% − 25% for M * ≤ 1 TeV and increases very fast. For for M * ≥ 1 TeV, the K-factor increases slowly with M * (20% − 30%). In figures (2), the rate of fall of the K-factor is much slower at lower c.o.m energy (say √ S = 13, 33 TeV) than the higher c.o.m energy √ S = 100 TeV. At lower c.o.m energy (higher momentum fraction, 0.00024 ≤ τ ≤ 0.024 for √ S = 13 and hence the Bjorken x), we are integrating relatively smaller phase space region. As excited lepton mass increases, the variation of K-factor becomes smooth due to the fact that the valence quark (mostly u and d-quark) distributions dominate over sea quark and gluon distributions. At higher c.o.m energy (lower momentum fraction, 0.000004 ≤ τ ≤ 0.00004 for √ S = 100 TeV), we are integrating over relatively larger phase space. In this region, the sea (s) quark and gluon (g) distributions dominate over the valence quark (u and d-quark) distributions. Therefore the compton-like subprocess (in particular, g s(s) →l * l s(s)) dominates due to large gluon (g) and sea-quark fluxes and hence explains such behavior of K-factor.
3.1llγ production
The decaying of heavy excited lepton into a light SM lepton and a electroweak gauge bosons V (≡ γ, Z, W ) according to the Lagrangian(1) produce a particular process (llγ) of our prime interest. Therefore the total NLO cross section of lepton pair (ll) and a gauge boson V can be calculated by multiplying the branching ratio to the eqn. (15) as given below
The partial decay width of excited lepton for various electroweak gauge bosons is given by
with Figure 3 : Total cross-section for llγ production at the LHC. For each set, the solid (dashed) lines refer to NLO (LO) cross sections. Upper (lower) set is for Λ = 2(6) TeV.
where T 3 denotes the third component of the weak isospin and Y represents the weak hypercharge of excited lepton. θ W is the Weinberg's angle. The compositeness parameters f and f ′ are taken to be unity through out our analysis. The variation of these parameters have been considered in elsewhere (for example in the Refs. [23, 24] ). The details of decay width and branching fraction of excited lepton is given in [17] (see table 1 and references therein).
In figure 3 , we have plotted the total cross section versus invariant mass M * (≡ M lγ ) of one SM lepton(l) and a photon (γ). We have shown for two different PDFs, namely, CTEQ6 [21] and MSTW 2008 [22] . As explain before, the cross section decreases in increase of invariant mass M * . The variation of the cross section looks same for two different PDFs, actually they are not. This can be found out from figure 5 and has been explained later on. From the figure  3 , we see that as the composite scale (Λ) increases, the cross section (both LO as well as NLO) decreases uniformly as Λ −2 as expected (from eqn. (1)) for a fixed center of mass energy ( √ S) and for different values of Λ, the cross section scales accordingly. Therefore, one can obtain the cross section (for both LO as well as NLO) for arbitrary values of Λ by multiplying with an appropriate scale factor to our results. In figures 4, we have displayed the photon transverse momentum distribution. In this case, we use with same lepton-photon invariant mass cut (M cut lγ ) as given in [13] . We have considered the projected luminosity 100, 300 (3000) f b −1 at √ S = 13, 33 (100) TeV LHC energies respectively. From the figures, one can see that the production rates are increased by including NLO QCD corrections. We have shown the variation of total K-factor with respect to the M * in figure 5 . The variation of K-factor is very similar to the figure 2 as expected and hence it has been explained there itself. The very wide range of K-factor difference between the two PDFs, namely, CTEQ6 and MSTW 2008 is due to their different parameterizations of their parton distribution functions (owing to their use of different data sets to extract the PDFs).
The choice of Scale
In our above discussions, we have considered the factorization scale, µ F , (relevant to both LO and NLO) and the renormalization scale, µ R , (relevant only to NLO) to be same as the invariant mass (Q) ofl * l. However the cross section depends only on physical scales like the c.o.m. energy ( √ S) and the masses of final state particles (M * ). Since there is no theoretical guideline to choose a particular scale choice the abovementioned scale choice is completely arbitrary. Now we can check the scale dependence of our result by introducing another scale called factorization scale µ 2 F (= µ 2 R the renormalization scale, for simplicity). To quantify the scale dependence if we define a ratio R,
the ratio R close to unity signify low sensitivity to scale choice and hence a more robust result.
In figure 6 , we have shown the variation of the cross scetion with respect to the excited lepton mass at different the factorization scale. From the figure 6 , it is clear that the scale dependence reduces greatly at NLO cross section compare to LO cross section. This signifies the necessity Figure 6 : Variation of the ratio, R (defined in eqn. (22)) with respect to the excited lepton mass (M * ) at different factorization scale µ F using CTEQ6 PDFs.
of NLO QCD corrections. The remaining very small scale ambiguity can be reduced by adding still higher order corrections.
Conclusions
In conclusion, we have systematically performed the next-to-leading order QCD corrections for the chromomagnetic type interactions as given in eqn. (1) . As opposed to naive expectations, we have showed that the QCD corrections are meaningful and reliable to such non-renormalizable theory.
We have analyzed the variation of cross section with respect to the excited lepton mass (and hence the invariant mass of one SM lepton and a SM gauge boson) at the LHC. The enhancement of NLO cross section over the LO cross section is found to be quite significant. To quantify the enhancement, we present the corresponding K-factors in a suitable form for experimental analysis. We have also showed the scale dependence of our results. As expected, we have seen that the scale dependences reduce greatly for the NLO results as compared to that for the LO case.
